To explore the impact of lateral stress concentration in interlayer rock stratum on the exploitation of protected coal seam, a field experiment was carried out in a multi-seam mining structure. Lateral stress redistribution and interlayer rock failure behavior were surveyed. Then an assistant numerical investigation was implemented to evolve the effect of liberated seam mining and its influence on stress reconstruction in surrounding rock mass. The cause of lateral stress concentration and its impact were discussed finally. Key findings turn out that a certain lateral stress increases in interlayer rock stratum and concentrates on its lower region. Lateral stress concentration and interlayer rock failure are interactional. The former is an inducing factor of the latter; the latter promotes the increase of concentration degree. Extent of lateral stress concentration increases to the maximum as seam distance is about 50 m. But the efficacy of liberated seam mining decreases as the seam spacing gets larger. Protected seam mining is then classified based upon the impact of lateral stress concentration, which helps to prevent the rock burst hazard and then to achieve a reliable mining in deep mines.
Introduction
Many geological hazards distinguished from the conventional ones occur gradually in the underground coal mines with the increase of mining depth [1] [2] [3] , for instance, the high temperature, high ground pressure, seismic hazard, and rock burst. Among them, rock burst hazard greatly hampers the aim of safe production [4, 5] . How to effectively prevent and control rock burst is becoming a challenging subject for the mining researchers worldwide [6, 7] . In recent years, multi-seam coal mining is treated as an effectively precautionary approach for the deep geologic hazard prevention, especially, for the rock burst [5, 8, 9] . It changes the initial distribution of in-situ stress, improves the plastic deformation of coal and rock mass, weakens the stress concentration in mining region and finally makes the subsequent seams easier to be extracted [10] . One of the multiple coal seams is suggested to be extracted firstly so long as it is relatively nonhazardous or low-hazardous. For the rock burst mines, the firstly extracted coal seam is usually called liberated seam. The others are called protected seam. As its advantages, application of multi-seam coal mining enlarges gradually in deep coal mines if only the geological conditions are allowable. It is given the higher priority to control rock burst hazard in application [11] .
The reason the multi-seam mining method plays an important role in rock burst prevention is that it generates a stress relaxation zone in surrounding rock mass and the protected seam exploitation in stress relaxation zone can be extracted safely. However, in actual production, it is found that the protected seam exploitation in stress relaxation zone is not always as easy and smooth as it is expected. Especially, in deep coal mining, some unnatural accidents occur occasionally during the exploitation in protected seam. These accidents delay mining schedule and injure the workers in the worse cases. Hence, it should be paid attention during mining. We deduced that the fact protected seam extraction in stress relaxation zone gets unsafe is closely related with a certain degree of lateral stress concentration in the interlayer rock stratum between liberated seam and protected seam. Stress relaxation zone in the multi-seam mining structure is determined by the vertical component of principle stress. But the changes of lateral stress in the multi-seam mining structure, especially, in its stress relaxation zone are indeterminate, and also are paid less attention in current researches. Thus, in this study, aiming at the lateral stress changes in interlayer rock stratum, the authors carried out a field investigation in a deep underground coal mine, explored the lateral stress redistribution and interlayer rock failure behavior, discussed the mechanism and impact of lateral stress concentration, which provides the necessary theoretical and practical experience for deep multi-seam coal mining in rock burst prevention.
Three "Zones" of the Multi-Seam Coal Mining Structure
When multi-seam mining method is used in the prevention of rock burst hazard, the mining region influenced is always divided artificially into several disparate zones based upon the reconstructed stress in the surrounding rock mass of liberated seam extracted [9] . One commonly recognized division is consisted of stress relaxation zone, stress enhancement zone and stress stabilization zone, or other similar definition [12] . The partition is as shown in Figure 1 . Vertical stress in the region that is under and above the extracted coal seam is decreased greatly as the stress transfer [13] . Because of so, this region is called the main stress relaxation zone. Protected seam that locates in this zone is thought to be safely extracted. It is incontrovertible that liberated seam exploitation dramatically lowers the stress concentration degree, weakens the elastic strain energy, and creates positive conditions for the subsequent protected seam mining. Accordingly, rock burst hazard is relieved. With the steeply exploitation in liberated coal seam, dynamic development process of stress redistribution and coal deformation in protected seam wins much attention in current researches, which mainly concentrates on the stress evolution surrounding working face, determination of pressure releasing angle and safe mining area, and optimized layout of roadways [14] [15] [16] .
Field Experiment of Lateral Stress
Redistribution in Interlayer Rock Stratum
Investigation Site and Scheme
In order to investigate the lateral stress change and redistribution in interlayer rock stratum, a multi-seam coal mining structure in the JNT coal mine, China, was selected as the experiment site. Some connection roadways were tunneled for ventilation requirements during the roadway excavation in protected seam. A stress monitoring hole was drilled in one connection roadway that was ahead of the US-04 working face in horizontal distance. Five stress detectors were installed in the central position then. Lateral stress was monitored during the mining process of Face US-04 until the investigation site was 250 m behind. Meanwhile, four fracture observing holes were drilled with 20 m interval spacing to cooperate with the stress monitoring. Initial fractures of their inner wall were recorded by borehole imaging instrument, and fracture developing situation was observed until the investigation was terminated. Investigation scheme for this field experiment was shown in Figure 2. 
Results of Lateral Stress Changes and Interlayer Rock Failure
Observation results of lateral stress redistribution and interlayer rock failure behavior in these boreholes are shown in Figures 3 and 4 . It indicates that lateral stress redistribution in the stress relaxation zone of interlayer rock mass is greatly influenced by the mining activities in liberated seam. When stress detectors are close to but still ahead of the working face (−25 -−10 m), lateral stress in upper rock stratum increases obviously to 32 Mpa but the stress in the lower stratum decreases slightly to 19 Mpa. Lateral stress gets less as rock stratum is further away from working face. When the stress detectors are behind of but still close to the working face (0 -20 m), lateral stress redistribution reverses dramatically in a short period. Stress in the upper stratum decreases sharply to 16 Mpa, while stress in the lower stratum rises gradually to 26 Mpa. It implies that the lateral stress is concentrating in the low region. While as the stress detectors are behind of and away from the working face (45 -80 m), lateral stress becomes stable gradually at a high level of 26 Mpa in average. Field investigation results indicate that lateral stress increases in the stress relaxation zone after liberated seam mining, and gradually results in stress concentration in the lower region of interlayer rock stratum. The lower the rock stratum, the greater the degree of stress concentration gets.
Beside, plastic failure of interlayer rock mass also presents the distinct manifestation. As the stress reconstruction after upper seam mining, inner wall of boreholes suffers serious destruction. In vertical direction, destruction situation of these four boreholes is similar.
Fractures are completely developed in their upper part. The closer to the goaf bottom, the more fractures the boreholes have. In the horizontal direction, the destructtion of borehole nearby the centerline is more serious than others, whereas the destruction in the borehole nearby the haulage roadway is the slightest. And in the mining direction, fracture developing depth increases as the investigation site gets far away from the working face.
Numerical Investigation on the Cause of Lateral Stress Concentration

Construction of Analysis Model
To explore the cause that results in the lateral stress concentration in stress relaxation zone of interlayer rock stratum, numerical analysis method is introduced into this section. Multi-seam coal mining model shown in Figure 5 is built by the finite element analysis software FLAC 3D [17] . As it can track the stress changes and failure behavior of analysis object based on the finite difference algorithm and large deformation, this software is particularly appropriate for the researches on rock mass, and has become one of the most important tools in mining engineering. The mechanical properties of coal and rock specimen applied are listed in Table 1 .
Stress Redistribution in Interlayer Rock Stratum
Simulated results are shown in Figure 6 . It indicates that, as the mining disturbance, in-situ stress reconstructs in a wide region and finally reaches to a new balanced state [18] . In the stress relaxation zone of interlayer rock stra- tum, vertical stress changes sharply with a great decrement. The ground pressure is released dramatically. However, lateral stress changes following the specific rules. It decreases and is less than the initial value in upper part of interlayer rock, whereas it is obviously greater than the initial value in the lower half region. This case implies that lateral stress increases with the occurrence depth. It leads to a certain extent of stress concentration in the lower rock stratum.
Failure State of Interlayer Rock Mass
Simultaneously, the failure state of interlayer rock mass is shown in Figure 7 . As the impact of upper seam mining, plastic failure of interlayer rock mass mainly occurs in two regions: the upper one close to the goaf of liberated seam and the lower one in the immediate roof of protected seam. The former is more serious than the latter. Failure behavior breaks the integrity of interlayer rock mass and changes with the redistributed stress [19, 20] . It indicates that numerical results are well coincident with the field experiment results.
Interaction of Lateral Stress Changes and Interlayer Rock Failure
Above discussion indicates that lateral stress concentration and interlayer rock failure are interactional. Failure extent of interlayer rock mass depends on the reconstructed lateral stress. Rock failure phenomenon in the bottom of rock stratum does not mean that the lateral stress transfers to other regions. On the contrary, it happens just as the greater action of lateral stress. Under their interaction, lateral stress itself gradually enhances with the increase of occurrence depth, and finally results in the lateral stress concentration in the lower half region (see Figure 8 ). This interaction continues until an equilibrium state is achieved. In a word, lateral stress reconstruction provides mechanical requirements for the failure of interlayer rock mass, and this plastic rock failure behavior further promotes the lateral stress concentration in stress relaxation zone. Lateral stress concentration increases the elastic strain energy in unbroken interlayer rock mass. Once protected seam is extracted, the interlayer rock mass will cave spontaneously as its roof. In this case, large amount of elastic energy release instantly along with the caving process [21, 22] . It undoubtedly induces the hidden accidents and threatens the safe production.
Impact of Lateral Stress Concentration on Protected Seam Exploitation
As the lateral stress concentrates on the lower part of interlayer rock, the discussion on its scope and extent then becomes necessary. Hence, another seven models with distinct interlayer spacing, 10 m to 80 m, interval 10 m, were created to explore the impact of lateral stress concentration on protected seam mining, which is assessed by:
where S l is the initial lateral stress, S l ' is the reconstructed lateral stress; C is the coverage of stress relaxation zone, and C' is the coverage of lateral stress concentration zone; f c and r c are the extent and scope of lateral stress concentration, respectively. Lateral stress redistribution results and its concentration scope and degree in distinct interlayer spacing are shown as Figures 9 and 10 . Above figures show that lateral stress is almost completely concentrated on the whole interlayer rock stratum as interlayer spacing is less than 10 m. When the spacing gets large, the location of stress concentration gradually moves downward and its scope increases. The extent of stress concentration rises little by little and reaches to the maximum as interlayer spacing is 50 m, then decreases slowly. The lateral stress concentration behavior is still obvious even as interlayer spacing is greater than 80 m. Based upon the rules of lateral stress concentration, whether protected seam is easy to be extracted can be divided into three types: safe mining in protected seam as interlayer spacing is less than 35 m, risky mining in It indicates that lateral stress concentration in the stress relaxation zone of interlayer rock mass is greatly affected by the interlayer spacing of coal seams. On the one hand, principal stress transfers and reconstructs surrounding the liberated working face; on the other hand, lateral stress itself grows with the increasing interlayer spacing naturally. Besides, the liberated seam mining has limited pressuring releasing efficacy on the exploitation of protected seam, which is closely influenced by the lateral stress concentration in deep multi-seam coal mining. Although protected seam in the stress relaxation zone can be relative securely extracted, lateral stress concentration in the interlayer rock mass certainly brings adverse impact to its extraction. The greater the extent and scope of lateral stress concentration is, the higher the potential threaten to protected seam gets.
Conclusions
Based on the above discussion about the lateral stress concentration in stress relaxation zone of interlayer rock stratum, the following points can be concluded: 1) After liberated seam mining, protected coal seam in its stress relaxation zone is not always safe enough to be extracted as it is generally expected. Decreased vertical stress provides it favorable mechanical environment. However, especially in deep conditions, lateral stress increases instead and can result in a certain extent of stress concentration in the lower half part of interlayer rock stratum. Lateral stress concentration increases elastic strain energy in the unbroken rock mass, and then induces some potential accidents during protected seam mining. This situation is less optimistic for rock burst prevention.
2) The cause that induces the lateral stress concentration in stress relaxation zone is closely related with the interlayer rock failure behavior. Lateral stress concentration and interlayer rock failure are interactional. Lateral stress is also the primary inducing factor of unstable interlayer rock failure. In general, the increased lateral stress provides mechanical requirements for the failure process of interlayer rock mass. Meanwhile, interlayer rock failure further promotes the lateral stress concentration in its stress relaxation zone.
3) Lateral stress concentration occurs in all of the deep multi-seam mining structure. It is affected by the interlayer spacing between coal seams. The stress concentration extent reaches to the maximum as spacing is 50 m. In this case, coal exploitation in protected seam is the most hazardous. The degree of mining safety in protected seam is divided into three types: safe mining as interlayer spacing is less than 35 m, risky mining as interlayer spacing is 35 -65 m, and the general mining as interlayer spacing is greater than 65 m. Besides, the pressure releasing effect decreases as the increase of interlayer spacing.
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